The dibaryon states as six-quark clusters of exotic QCD states are investigated in this paper. With the inherent nodal surface structure analysis, the wave functions of the six-quark clusters (in another word, the dibaryons) are classified. The contribution of the hidden color channels are discussed. The quantum numbers of the low-lying dibaryon states are obtained. The States [ΩΩ] 
Introduction
It has been known that the quark degrees of freedom are essential to describe properties of hadrons and the quantum chromodynamics(QCD) is the underlying theory for strong interaction. One of the current issues in this field involves the attempt to derive the short-range part of the nucleon-nucleon interaction from the quark-gluon degrees of freedom. Unfortunately, it is now very difficult to make quantitative predictions with QCD at low and intermediate energy region. Therefore various phenomenological models based on the QCD assumptions, such as bag models [1] , cluster model [2] have been developed.
With the MIT bag model, a dibaryon, namely the H particle, was predicted by Jaffe in the later of 1970's [3] . Thereafter many attempts have been made to search for dibaryons in both theory and experiment. On the theoretical side, almost all QCD inspired models, even the QCD sum rule [4] and lattice QCD [5] predict that there exist dibaryon states. As we know, this is a very important subject, because it is an appropriate place to investigate the quark behavior in the short distance and to show new physics on QCD. However no dibaryon state except for the deuteron has been well established in experiment up to now.
After Jaffe predicted the existence of the H particle(strangeness s = −2, J P = 0 + ) as a color-singlet multi-quark system(q m q n , n + m > 3). Harvey developed a method in cluster model [6] , with which all the color singlet antisymmetric six-quark states with definite orbital and isospin-spin symmetries were classified, and many "hidden color" states which can not be represented in terms of free baryons were found. Unfortunately, the constituent quarks
Harvey considered include only u and d quarks. In another word, the strangeness of the system has not yet been taken into account. However, more and more evidences proved that a system with non-zero strangeness may be more stable to exist as a dibaryon [7, 8, 9] . It is then necessary to extend his systematic work to get a complete result.
Along the way of the non-relativistic QCD, the concept of wave-function can be implemented to describe many-quark states, and embodied in the non-relativistic quark model [6, 10] . On the other hand, it has been known that analyzing the symmetric properties and the inherent nodal surface [11] is a quite powerful approach to investigate few body system. Considering only the valence quarks, one knows that a dibaryon can be described as a six-quark cluster. To neglect handling the complicated strong interactions of the six-quark system in QCD, we will then study the dibaryon states by extending Harvey's algebraic framework and analyzing the inherent nodal surface of the system in this paper.
This paper is organized as follow. Following this introduction, the symmetry of the sixquark cluster, which may includes u, d and s quarks will be analyzed in Section 2. In Section 3, the quantum numbers of the possible six-quark states will be discussed systematically by analyzing the inherent nodal surface of the system. In Section 4 and Section 5, we discuss the low-lying S-wave and P-wave states and the perspective to search for dibaryons. Finally, a summary is given in Section 6.
Symmetries of the Six-quark States
The wave-function of the six-quark system can be written as the coupling of an orbital part and an internal part, fulfilling the requirement that the total wave-function must be an antisymmetric one, i.e. has a symmetry [1 6 ]. It has been well known that the system with u, d and s quarks possesses the internal symmetry SU CF S (18)
F S be the irreducible representations (irreps) of the groups associated with the orbital, color and flavor-spin space respectively, we shall have
Although six-particle system in general does not impose any constraint on the orbital function, which may have any one of the symmetries listed in the first column of Table 1, we should investigate more detailedly which choices are more favorable to binding and therefore more probable to exist as low-lying states. (6) with the standard method [12] . The lack of direct experimental observation of free "color charge" suggests that not only the free baryons but also all the observable structure should be SU(3) color singlet. We can thus restrict our study of six-quark systems to those having color symmetry
Then we get the possible irreps [f ] F S as listed in Table 1 .
It has been known that u, d, s quarks can construct eight free baryons: N, ∆, Σ, Σ * , Λ, Ξ, Ξ * and Ω. All of them are the building blocks of the dibaryons and have flavor-spin
. Thus it is reasonable to assume that the low-lying dibaryon states which can be observed in experiments may have then symmetry
These particular symmetries are shown by an asterisk in Table 1 for latter reference.
Furthermore, each baryon as a constituent of the low-lying dibaryons is assumed to be in its ground state. It turns out that all these ground states have the orbital symmetry
[f ] O = [3] . It follows that in the cluster model, we can consider only the six-quark system whose orbital states hold the symmetry
According to the subclassification of the symmetry SU F S ⊃U s (1)⊗SU T (2)⊗SU S (2), we list the strangeness, isospin and spin for the six-quark systems in Table 2 , where both the two-baryon bound states and the hidden-color channel states (marked with CC) are listed. Table 2 shows that there exists many hidden-color channel states in the six-quark systems, whose SU F S (6) symmetry are the same as those of the two-baryon states. Furthermore, all the states of the SU F S (6) symmetries without asterisks in Table 1 are also"hidden-color" states in this cluster representation.
Nodal Structure Analysis of Low-lying Six-quark States
The Schrödinger equation of multi-particle system can be written as:
where ξ is the set of variables, such as coordinates, spins and isospins. If G is the symmetry group of the Hamiltonian H, in another word, H is invariant to the transformationÔ R , which is an element of group G, the eigenstates of the Hamiltonian can be classified with the irreducible representation of G.
Although we can get general information of the eigenfunctions with concrete quantum numbers, it is still a hard work to obtain the energies of the states since we must deal with the specific structure of Hamiltonian, which is usually not clear enough. That is why different models give quite different results of dibaryons' stabilities. Fortunately, now there is a new approach may solve this problem. We can study the effects of the inherent symmetries. Since the nodal structure of few-body wave-functions is closely related to the energy of the state, we may get important information by analyzing the nodal structure [13] .
It is apparent that if a state contains excited spatial oscillations (i.e., the orbital wave function contains nodal surfaces if observed in a body frame), it would be higher in energy than the states not containing excited oscillations. It has been found that there are two kinds of nodal surfaces. The first kind of them depends on dynamics, while the second depends purely on symmetry. The second kind of nodal surfaces is inherently contained in certain wave functions. They are then usually called inherent nodal surfaces (INS) [11] . Once an INS is imposed on an orbital wave function by symmetry, a specific mode of oscillation is imposed. Therefore, whether the INS would appear is crucial to the low-lying spectra of a quantum system.
For a six quark system, the orbital wave function may contain many components. Each of them is specified by a set of quantum numbers of inherent symmetry. We then denote these components as F λ,i LM g (1 · · · 6), where λ stands for a representation of the permutation group S 6 , i refers to a basis function of this representation, M denotes the Z-component of L, g is for other quantum numbers. In what follows we shall figure out which components are advantageous to binding, and thereby dominate the low-lying states.
Let us define a body-frame, then we have the expansion
where D L QM is an element of the matrix of rotation, α, β, γ are the Euler angles specifying the orientation of the body-frame, Q denotes the projection of L along the third body axis,
(1 · · · 6) and (1 ′ · · · 6 ′ ) stand for that the coordinates are relative to the laboratory frame and to the body-fixed frame, respectively.
The symmetric operation on the system includes usually rotation, space inversion, permutation of the particles, and so on. According to the theory of space group, we can classify the rotation axes into two kinds. If a geometric configuration contains a m-fold axis of the first kind, the shape would be invariant with respect to a rotation about the axis by the angle 2π m
. If a m-fold axis of the second kind is contained, the shape would be invariant with respect to the rotation together with a space inversion. In general, a configuration containing at least one m-fold axis (m ≥2) is called a symmetric configuration. The spatial symmetry of a geometric configuration is specified by the m-fold axes contained in the configuration.
For a six-quark system, there are many symmetric configurations located everywhere in the coordinate space. However, for a quantum system, not all the symmetric configurations are allowed, since some of them might be prohibited by symmetry as we shall see.
As an example, let OO ′ be a 3-fold axis of a 6-body configuration as shown in Fig.1 , one can know easily that a rotation about OO ′ by 120
• is equivalent to the cyclic permutation of particles (235)(164) (see the figure) . We have then
whereR andP are the operators of the rotation and the permutation, respectively. The
LQg is a basis function of representations of both the spatial rotation group and the permutation group. Hence, once the matrixes of representation of the two operators are known, Eq. (7) can be written in a matrix form, and appears as a set of homogeneous linear equations. It is well known that homogeneous equations might not have nonzero solutions, which depends on whether the determinant of the set is zero. The determinant depends on the λ and L. Once the determinant is nonzero, all the F λ,i
LQg (all i and Q) must be zero at this symmetric configuration disregarding the size of the shape and the permutation of the particles at the vertexes of the shape. In other words, in this case an inherent nodal surface appears in these components at the symmetric configuration, and thus these components are prohibited to get access to this shape. This is the origin of the INS, it arises purely from the symmetry constraint and is completely independent of dynamics.
Incidentally, if the m-fold axis belongs to the second kind, the constraint becomeŝ
whereÎ is the operator of space inversion.
Among all the symmetric configurations of a six-body system, the one having the highest geometric symmetry (i.e., having the most m-fold axes) is the regular octahedron (OCTA)
as shown in Fig.1 , where three 4-fold axes, four 3-fold axes, and six 2-fold axes are contained.
Since each m-fold axis would cause a constraint, evidently the OCTA is strongly constrained by symmetry. Only a small portion of quantum wave functions with specific λ and L can get access to it (i.e., the wave function can be nonzero at it). The accessibility of the OCTA turns out to be an important point. Once the OCTA is accessible to a wave function, all the symmetric configurations with a lower geometric symmetry in the neighborhood of the OCTA are also accessible to the wave function. Consequently, the wave function is able to be distributed in a large domain including the OCTA inside free from the intervention of the INS. Such a case is highly favorable to binding. Whereas if a wave function contains an INS, its energy will explicitly increase.
The configuration with the second strongest geometric symmetry is that the positions of the six quarks form a regular pentagon pyramid(PENTA, shown as Fig.2 ). In an extreme case, the PENTA can be C-PENTA, which corresponds to that with h = 0 in Fig.2 . Fig. 1 The regular octahedron. It is evident that if a state does not contain a collective excitation of rotation, i.e., the angular momentum L is zero, it would be usually lower in energy than the state with L =0. This is particularly true for the systems with a very small size. For example, nuclear experiments show that the ground states of 4 particles and 6 particles are always composed of components with L=0, while the resonances with L ≥1 have quite higher excitation energies [13, 14] . It is then reasonable to presume that the low-lying states of the six-quark system consist of components with L = 0. Furthermore, it has been known that all the low-lying states in quantum mechanics are mainly composed of nodeless components, whose internal wave functions have no nodal surfaces. Therefore, if we limit the problem to the lowlying states, it is an appropriate way to consider the S-wave nodeless components. However, in view of the nucleon-nucleon collision, the P-wave resonance may also be important.
Taking the way developed in Ref. [13] , we obtain the accessibility (i.e. number of the wave-functions) of the configurations OCTA and PENTA with L π = 0 + , 1 − and the possible spatial permutation symmetry S 6 . The result is obvious that only the irreps
of the S 6 for the S-wave states, and
for the P-wave resonance are accessible for both the OCTA and the PENTA configurations.
It has been shown that the sources of INS may exist in the quantum states. Nonetheless, there are essentially inherent-nodeless components of wave-functions (each with a specific set of (L π , λ)). They are the most important building blocks to constitute the low-lying states.
The identification of these particularly favorable components is a key to understand the lowlying spectrum. Taking the standard method of irreducible representation reduction, we get the quantum number spin(S), isospin(T ), total angular momentum(J) and strangeness(s) of the S-wave states (L π = 0 + ) with S 6 irreps {6}, {4, 2}, {2, 2, 2} and those of the P-wave states (L π = 1 − ) with S 6 irreps {5, 1}, {4, 1, 1}, {3, 3}, {3, 2, 1}, {2, 2, 1, 1}. The obtained accessibility is listed in Table 3 for the S-wave states and in Table 4 for the P-wave states, respectively.
The low-lying S-wave states
From the above discussion, we find when a Ψ LSλ possesses quantum numbers (
, it can access both the OCTA and the PENTA. These and only these Ψ LSλ are inherently nodeless in the two most important spatial configurations.
They should then be the dominant components of the S-wave low-lying states. All other states must contain at least one INS which may result in a large increase in energy [13] .
Because INS have no relation with dynamics, we can discuss the low-lying states along the same line as that to discuss the nucleus 6 Li [13] , which has symmetry S 6 ⊗SU T (2) ⊗SU S (2).
Comparing dibaryons holding S 6 ⊗SU CF S (18) symmetry with nucleus 6 Li, which has the same geometric configurations, according to spectrum of 6 Li, we can reach a conclusion that the states associating with orbital symmetries {4, 2} and {2, 2, 2} have lower energies than those with only {2,2,2} symmetry. Extending the results to include the spatial symmetry {6}, we can compare the energies of the states and get the low-lying ones.
The states with strangeness 0
Since we are only interested in the six-quark states whose orbital symmetry hold the sym- If the hidden-color channel states are taken into account, the (0 + , {2, 2, 2}) component is also accessible. From Table 3 , one can realize that the {isospin, spin} configurations (T, S) = (0, 1), (1, 0), (1, 2), (2, 1) are the favorable ones.
For the state with quantum number (T, S) = (0, 1), both the {6} and {4, 2} components are available. Therefore, two T (J π ) = 0(1 + ) partner states would be generated. Each of them is a specific mixture of the {6} and {4, 2} components. According to Harvey's result [6] , we know one of them is the deuteron whose dominant orbital symmetry is {4, 2}. Of course, this is the lightest stable dibaryon. Because of the interference between the {6} and {4, 2}
components, there would be a gap between the partner states. The interaction is spindependent and complicated, but we can expect this gap to be large since even now there is no evidence for the existence of the partner of deuteron. Furthermore, since the {2, 2, 2} component is also accessible, there may exist a hidden color channel state with (T, S) = (0, 1).
Referring to the order of states determined by considering the color-magnetic interaction between quarks in quark models [3] , we expect that, besides deuteron, the (T, S) = (1, 0) state with dominant orbital symmetry {4,2} is the second lightest one, for it has small spin and isospin. From Table 2 we know that it is mainly a NN dibaryon. Since neutron is an unstable particle, it must be a pp dibaryon with quantum number T (J π ) = 1(0 + ). Unfortunately, since this state obeys the Pauli principle of the two-nucleon systems((−1) L+S+T = −1), it may decay into two protons if its energy is not low enough, which decreases its possibility to be a stable bound state.
T (J π ) = 1(0 + ) also has a partner with dominant orbital symmetry {6}. This state must have an energy much higher than the {4, 2}component, it will be more easily to decay, so we do not discuss it at all.
Our result is similar to that given in the color screening model [15] , where it was concluded that, beside deuteron, (T, S) = (1, 0) and (1, 1) are the next two lowest states and (1, 0) may be even a stable dibaryon if the interaction is suitable. Moreover, the presently proposed dibaryon states with (T, S) = (1, 2) may correspond to the narrow dibaryons observed in the pp scattering [16] and the one with (T, S) = (2, 1) to the most recently observed possible dibaryon d * 1 [17] . Such a consistence with experimental and other theoretical results is just a good example indicating what an important role the INS has played in the few-body problems. It embodies physics meanings rather than dealing with mathematical calculations.
The method using INS to determine the lowest states is very powerful and maybe help us make appropriate choices between concrete models.
States with strangeness −5 and −6
It has been known that, when multi-quark system has a large strangeness, the S-wave contribution is dominant. From Table 3 , we find that (s, T, S) = (−5, , 1), would be ΞΩ or the coupling of ΞΩ and Ξ * Ω.
From also has a low-lying hidden-color partner and the result is the same as ΩΩ.
Recently, the singlet Ξ * Ω (S = 0, 3), ΞΩ and their coupling Ξ * Ω-ΞΩ (S = 1, 2) have been studied in chiral quark model [8] . It has been found that, when S = 0, Ξ * Ω may be a dibaryon with bound energy E = 80.0 ∼ 92.4 MeV. When S = 1, ΞΩ may also be a dibaryon, with bound energy E = 26.2 ∼ 32.9 MeV. However, up to now, there is still no evidence of dibaryons with S = 2 or 3 to exist [8] . It is worth to mention that some of these low-lying states may be hidden-color states.
Since the states have large strangeness, it is hard to produce them in proton-proton collisions.
However, strangeness production can be enhanced in heavy ion collisions [18] 
States with strangeness −4

States with strangeness −1, −2 and −3
From Table 3 one can know easily that almost all the states with s = −1, −2, −3 are associated with the orbital symmetries {6}, {4, 2} and {2, 2, 2} except for (s, T, S) = (−2, 0, 3).
It is then difficult to rank them.
It has been well known that the six-quark system holds the symmetry S 6 × SU CF S (18).
According to group theory, we can classify the quantum states basing on the group reduction
, and then get states with definite orbital, isospin, strangeness, spin symmetries. The states determined in this way are always referred to as the "symmetry" basis. On the other hand, we can classify the states of the six-quark system in pairs of free baryons(e.g. N 2 , ΩΩ and so on) and hidden color states with explicit quantum numbers. These are referred to as the "physics" basis. The "symmetry" basis can be transformed into the "physics" basis, such a transformation causes couplings among the states in "symmetry" basis. When s = 0, −5 and −6, the couplings are simple, the states expressed in the "physics" basis express a great deal the properties of those in the "symmetry" basis. Then the energies of low-lying physical states are much different from each other. Nevertheless, when s = −1, −2 and −3, the couplings are so complicated that many low energy states (with nodeless wave-function) in the "symmetry" basis contribute to one "physics" state. This makes it difficult to separate each "symmetry" state in experiment, since we can only measure the "physics" state. Meanwhile, due to the coupling, not only lowlying states, but also higher energy states will combine together. This effect raises the energy of the original low-lying states. In this sense, the fact that the H-particle (s = −2) predicted more than 20 years ago has not yet been observed in experiments may be attributed to that several higher energy "symmetry" states combine in the "physics" state and make its energy not low enough. In fact, during the last five years, several theoretical and experimental results in the same sprit have been proposed. For example, it has been found that when some minor effects are included, the H dibaryon's mass will raise and become above the ΛΛ threshold [5, 24, 25] . However, right now we can't conclude that there do not exist stable dibaryon when s = −1, −2 and −3 until we get accurate quantitative results about the couplings. After all, we should notice that this is an important effect when we discuss the H particle and other dibaryon with a medium strangeness.
The low-lying P-wave states
In view of the baryon-baryon collision, not only the bound states but also the low-lying resonances are important. Moreover, although we have found some states with low energies from the above discussion, we do not know whether they are lower than the threshold of open channels. Hence, we do not know whether they are really bound. Considering the resonance, one knows that the main feature is its width. If the energy is higher than the threshold of open channels, the width is too broad, then the resonance can not be detected, and the existence of such a resonance is thus meaningless. When the broadness of width is taken into account, the relative P-wave collision is even more important than the S-wave collision for creating narrow low-lying resonances, since a centrifugal barrier appears in Pwave collision and would help to keep the orbital wave function in the interior region, thus would help to have a narrower width. Therefore, in addition to the L = 0 case that has been discussed above, we have to study the case of L = 1 as follows.
By calculating the determinants of the sets of homogeneous linear equations (as in Eqs. (6)) the inherently nodeless components of a six-quark system with L = 1 and π dib = − can also be identified. Thus, we have the accessible orbital symmetries as listed in Eq. (10) . Accordingly, the favorable components with L = 1, parity odd, and fulfilling all the Eqs.(1)∼(4), (7) and (8) are the three having symmetries
If we go beyond the constraint in Eq. (4), we have the other possible building blocks of the P-wave resonance
Meanwhile, there may exist also some non-two-baryon states, namely the hidden-color channel states.
Since L = 1 states may always have energies even larger than L = 0 states, we can take the configuration (strangeness, isospin, spin) = (s, T, S) as the possible candidates of P-wave dibaryon only if it accesses to the P-wave component but not to the S-wave one. Looking over Table 4 and Table 3 Even though the configuration (s, T, S) = (0, 0, 1) is accessible to the S-wave component (with multiplicity 5) and its multiplicity of the accessibility to P-wave is only 1, it is still worth being discussed, since chiral quark model calculations [27, 28] show that there exist states with exotic quantum numbers L = 1, [16] . Our present analysis may provide a reason to understand such a contradiction.
Referring the states with large accessibility as the states favorable to bounding, we obtain finally the candidates of low-lying dibaryons from the above discussion. The results are listed in Table 5 .
Summary and Remarks
We have studied a kind exotic QCD state, namely the dibaryon states, in this paper. Taking the dibaryons as six-quark clusters with u, d and s quarks, the symmetries of the states are discussed. After investigating the inherent nodal surface of the system based on symmetry analysis, we obtain the quantum numbers of the low-lying S-wave and P-wave states.
Meanwhile the hidden-color states are discussed. Table 3 : Multiplicity of the accessibility of the S-wave nodeless components 
